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ABSTRACT 
 
Graphene is known to be a key material for improving the performance of hydrogen 
sensors. High electrical conductivity, maximum possible surface area with respect to volume, and 
high carrier mobility are a few of the properties that make graphene ideal for hydrogen sensing 
applications [1]. The problem with utilizing graphene is the difficulty in depositing uniform, thin 
layers onto substrate surfaces [2-3]. This study examines a new method of optimizing graphene 
deposition by utilizing an airbrush to deposit both graphene oxide (GO) and reduced graphene 
oxide (rGO) onto glass substrates. The number of depositions were varied among samples to study 
the effect of layer thickness on the electrical and topographic properties of rGO. Linear sweep 
voltammetry tests show that increasing the amount of rGO deposited resulted in superior 
conductivity. Substrates coated with 5 spray-coats of rGO had a film conductivity of 0.35 S/m 
whereas substrates coated with 20 spray-coats displayed film conductivity of 7.67 S/m. An analysis 
of the topography of spray-coated rGO films revealed a rough and uneven surface texture resulting 
in hydrophobic wetting properties of rGO. When palladium nanoparticles were deposited onto 
rGO, samples demonstrated significant conductivity loss due to uneven palladium deposition and 
deformation of rGO. The unique electrical properties displayed by varying the amounts of 
deposited rGO establishes a method of hydrogen sensor fabrication with controllable rGO film 
conductivity.  
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conductivity 
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I. Introduction 
As the world turns to more environmentally friendly alternatives, hydrogen has become a 
key element in reducing the consumption of fossil fuels including both oil and natural gas [4]. 
With high efficiency and zero emissions, hydrogen fuel cell vehicles are expected to become 
increasingly popular in the near future [5-6]. Although promising, hydrogen applications have their 
own unique disadvantages. Hydrogen is highly flammable and can burn at concentrations as low 
as 4% in ambient air [6]. Since hydrogen is the lightest and smallest of molecules, it has a large 
tendency to leak. Safety is therefore paramount especially when utilized in hydrogen fuel cell 
vehicles. Hydrogen sensors that are fast, efficient, and can detect large variations in hydrogen 
concentration are crucial to the success of hydrogen applications.  
 
Palladium has recently become a popular topic of discussion in hydrogen sensing research. 
The ability to absorb up to 900 times its own volume at room temperature makes palladium the 
ideal material to be used in hydrogen sensing [7]. When exposed to hydrogen, palladium forms 
into palladium hydride, which results in a change of resistivity. By sending current through 
palladium and measuring the resistance, it is possible to correlate the change in resistance to the 
concentration of hydrogen in ambient air [7-8]. Unfortunately, palladium alone is susceptible to 
dislocations and vacancies at high H2 concentrations [8]. Using graphene as a support material for 
palladium shows many advantages over other gas sensing materials. Graphene is a perfectly two-
dimensional atomic material, and therefore, has maximum surface area with respect to its volume 
[9]. Doping graphene with Pd nanoparticles is a promising combination for hydrogen sensing due 
to the large surface area for H2 adsorption and outstanding electrical properties of graphene. 
  
Although graphene shows great potential to be utilized in hydrogen sensing applications, 
the difficulty remains in transferring synthesized graphene to a target substrate [9]. It is therefore 
necessary to develop a method that can consistently deposit uniform graphene layers to a target 
substrate in order to have a sensor that can accurately and precisely measure the hydrogen 
concentration in air.  
 
2. Experimental 
 
2.1 Graphene Oxide Synthesis 
Graphene oxide was synthesized by following a modified Hummers’ method as reported 
by Aukor et al [10]. One gram each of graphite and sodium nitrate were added to a 400 ml beaker 
and mixed with 23 ml sulfuric acid. The solution was stirred for 15 minutes in an ice bath at a 
temperature of -4 C. After, three grams of potassium permanganate were added to the mixture and 
stirred for 30 minutes. The mixture was then transferred to a 40 C water bath and stirred for an 
additional 90 minutes. Finally, both DI water (160 ml) and hydrogen peroxide (6 ml) were slowly 
added to the mixture until a color change from dark brown to yellow was observed, indicating the 
formation of GO. After, 15 ml of GO solution was placed in four centrifuge tubes and washed 
twice with 5% hydrochloric acid and four times with DI water. The centrifuge was set to 6 min per 
wash at 4000 rpm. A thin layer of GO solution was then poured out onto a glass dish and left to 
dry in an oven at 50 C for 24 hours.  
 
 
 
  
2.2 Reduced Graphene Oxide Synthesis 
 Reduction of graphene oxide was carried out using both chemical and thermal reduction 
methods. Chemical reduction was performed by added one gram graphene oxide to 50 ml water 
and sonicating for 30 min. 2 grams of sodium borohydride dissolved in 20 ml water was then 
slowly added to the graphene oxide solution and mixed on a hot plate for 1 hour at 80 C. The 
solution was then washed 5 times with DI water in a centrifuge at 4000 rpm for 6 min. After, the 
reduced graphene oxide was placed on a glass dish and dried in an oven at 50 C for 24 hours. A 
green reduction process as reported by Aukor et al. [10] was followed to thermally reduce the 
graphene oxide. This step took place after the graphene oxide had already been spray-coated onto 
the glass substrates. The spray-coated samples were placed in an oven at 240 C and heated for 2 
hours with an additional 1 hour of cooling to ensure complete GO reduction.  
 
2.3 Sample Fabrication 
 Samples were prepared using a double-action gravity feed Master Airbrush (Model 
G22LF) to spray-coat solutions of graphene oxide and reduced graphene oxide onto glass 
substrates. First, (1 x 2.5 cm) glass slides were cut from pre-cleaned (1” x 3”) AmScope 
microscope slides. The experimental setup consisted of a vertically held airbrush placed 10 in. over 
the glass slides with a support stand and two universal clamps. A cardboard covering was placed 
around the setup to reduce the effects of outside airflow. A stopwatch was used to record the spray 
time for each sample.  
 
Samples coated with GO followed a two-step process in order to obtain rGO on glass. A 
0.01 g/ml solution of graphene oxide was prepared by sonicating 0.1 g graphene oxide in 10 ml 
  
water for 30 min. A pipette was then used to carefully fill the airbrush cup with Go solution until 
the fill-line was reached. During experimentation, the thickness of the deposited GO was 
controlled by varying the number of spray-coats per sample. One coat is defined as a spray time 
of 5 seconds with the airbrush held at a height of 10 in. from the substrate surface with a pump 
pressure of 15 psi. Each sample was left to dry under room temperature for 3 minutes between 
spray-coats. Samples were coated with 5, 10, and 20 coats respectively in order to compare the 
effects of layer thickness. After spray-coating, the samples were numbered and placed in a crucible 
for thermal reduction. Samples were heated at 240 C for 2 hours with an additional 1 hour of 
cooling to obtain the final product of rGO on glass. In addition to comparing the number of spray-
coats, concentration of GO in solution was also varied between samples. Additional substrates 
were coated with 0.02 g/ml GO in water with 5, 10, and 20 coats respectively.  
 
A similar process was used to create samples directly coated with rGO. Chemically reduced 
rGO in water at concentrations of 0.01g/ml and 0.02g/ml were used during experimentation. 
Following the same procedure as before, the rGO solution was deposited onto glass substrates with 
5, 10, and 20 coats respectively. It is important to note that because of the direct application of 
rGO, a thermal process was not necessary.  
 
The conductivity characteristics of palladium on rGO was studied by depositing palladium 
nanoparticles (106PD) of size 1-10 nm, onto rGO and performing Linear Sweep Voltammetry. 
Palladium nanoparticles with concentration 1.5 mg/ml were spray-coated 5 times each onto glass 
substrates with 5, 10, and 20 coats of rGO. Samples were dried at room temperature for 7 minutes 
between spray-coats to ensure complete water evaporation from the substrate surface.  
  
2.4 Voltammetry Tests 
Voltammetry tests were carried out using a CH chemical instruments tester and CHI660b 
software. Linear Sweep Voltammetry (LSV) was performed on all samples with a voltage increase 
from 0 V to 5 V at 0.01 V/s. As the voltage was increased, the corresponding current was measured 
and a plot of current vs. voltage was created in Excel. Using LSV, I-V curves were compared 
between all samples, each containing varying amounts of deposited rGO. From this, the 
relationship between conductivity and the number of rGO spray-coats was compared. The 
conductivity of palladium nanoparticles on glass and palladium on rGO was also observed using 
LSV.  
 
3. Results and Discussion 
 
3.1 GO and rGO Characterization 
 By using an airbrush, solutions of GO and rGO were deposited onto glass slides with 
conductivity measurements relating to the number of deposited coats. Fig. 1a shows the XRD 
peaks of graphene oxide on glass and reduced graphene oxide on glass. A sharp peak at 10 theta 
indicates the existence of graphene oxide successfully deposited on glass. A less-intense, broader 
peak at 25 theta supports the existence of rGO on glass. In addition, the clear difference in peak 
length and intensity indicates a chemical change as a result of both thermal and chemical reduction 
processes. Additionally, when compared to the data published by Stobinski et al. in Fig. 1b, there 
is a clear similarity in peak location and relative intensity [11] for both GO and rGO. 
 
 
  
 
3.2 Direct Reduced Graphene Oxide Deposition 
 Although rGO was successfully deposited onto the glass substrate as evident by the XRD 
results, LSV measurements as seen in fig. 2a indicate zero conductivity for spray-coated rGO 
samples. Varying the number of deposited layers from 5, 10, and 20 coats still had little effect on 
the conductivity. Fig. 2b show an optical microscope images of a sample containing 20 spray-coats 
of rGO at 20x magnification. As seen in the image, small flakes of rGO are dispersed onto the 
glass surface without completely covering the glass. It is likely that because there were gaps 
between rGO flakes, there was no clear conductive path for current to travel throughout the rGO. 
However, even after increasing the concentration of rGO in solution to 0.02 g/ml, conductivity of 
the samples remained unchanged. Because rGO is insoluble in water, uniformly deposited layers 
with controllable conductivity could not be successfully obtained between samples.  
 
3.3 Graphene Oxide Deposition 
LSV experiments were performed on thermally reduced rGO samples to characterize the 
response of rGO when subject to increased voltage, as well as determine the change in conductivity 
with respect to increased spray-coats. Fig. 3 shows current vs voltage curves for samples coated 
with 5, 10 and 20 spray-coats with voltage increased from 0 V to 5 V at 0.01 V/s.  It was observed 
that increasing the number of spray-coats per sample resulted in steeper current vs. voltage curves 
corresponding to lower overall resistance. In addition, a linear response is seen in samples coated 
with 5, and 10 coats but not for that of 20 depositions. It is hypothesized that this sample had 
uneven rGO deposition which resulted in a non-linear response. To further confirm these results, 
additional samples were tested (Fig 3b) which displayed linear responses for samples coated with 
  
5, 10, and 20 spray-coats. Although differences in slope are shown between multiple tests, all 
samples exhibited a linear increase in conductivity from 5 to 20 spray-coats. Fig. 3a shows linear 
trend lines for each curve with x and y-intercepts set at (0,0) and the slope and R2 equation 
displayed. Using ohms law, the resistance of each sample was found by inversing the slope of each 
curve. Samples that contained a lower number of rGO spray-coats had higher overall sheet 
resistance. However, as the number of spray-coats was increased from 5 coats to 20 coats a 
decrease in resistance was observed, indicating a relationship between the number of dispositions 
and the resistance of rGO.   
 
To further investigate this relationship, Keyence 3D laser scanning was used to image the 
surface topography and rGO film thickness on each substrate. Thickness measurements were 
conducted by scratching away a small portion of rGO to reveal the glass substrate (Fig. 7b). Surface 
profile measurements were taken to measure the height difference from the exposed glass substrate 
to the top of the deposited rGO (Fig. 8a). Because of the rough surface topography, an average of 
4 height measurements were taken per-sample in order to reduce error. Fig. 8b shows the height 
measurements taken for each sample and the average rGO film thickness. Once the thickness was 
measured, the resistivity of each sample was found by using Eq. (1) below: 
 
𝜌 = 𝑅
𝐴
𝑙
              (1) 
where 
 𝜌 is the resistivity in Ω⋅m 
 R is the resistance in Ω 
 A is the cross-sectional area in m2 
  
 l is the length of the material in m 
 
After, the conductivity was found by inversing the resistivity as seen in Eq. (2): 
 
𝜎 =
1
𝜌
                                                                        (2) 
where  
 𝜎 is the conductivity in S/m 
 𝜌 is the resistivity in Ω⋅m 
 
From these equations, it was found that increasing the number of spray-coats from 5 coats 
to 20 coats resulted in increased conductivity from 0.35 S/m to 7.67 S/m respectively. Optical 
microscope images at 5x magnification (fig. 4) indicate surface area coverage of rGO with respect 
to number of spray-coats. Higher spray-coats per sample likely allowed for more rGO to become 
deposited on the glass substrate allowing for more current flow to occur. It is understood that 
because glass is an insulating material, current can only pass through the deposited rGO. Fig. 5a 
shows an SEM image of a sample containing 5 spray-coats of rGO with large discontinuities on 
the substrate surface. It is likely that 5 spray-coats was not enough to cover the entire glass surface 
with rGO.  Because glass is an insulating material, charging occurred during SEM imaging, 
resulting in white cracks appearing wherever rGO was not present (Fig. 5b). Figure 6 shows an 
SEM image of a sample coated with 20 spray-coats of rGO. Here it is observed that rGO flakes of 
varying sizes cover the glass surface. Evidence of multiple coats is also seen with the layers of 
rGO flakes on top of one another.  
 
  
 
3.4 Palladium on Reduced Graphene Oxide 
 Since it is necessary to study the electrical properties of palladium on rGO, LSV results 
were compared between samples containing palladium on bare glass and palladium spray-coated 
onto rGO. Fig. 9 shows the current vs voltage curve for palladium on bare glass with a negative 
current from 0-5 V. It is assumed that the electrical conductivity of palladium was not high enough 
to overcome the insulating properties of glass. Fig. 10 shows a comparison between the current vs 
voltage curves for rGO samples before and after palladium spray-coating. It is seen that the 
presence of palladium drastically reduced the conductivity for all samples. Before palladium 
deposition, samples containing 20 rGO spray-coats exhibited electrical conductivity of 7.67 S/m. 
However, after 5 spray-coats of palladium, the conductivity decreased to 3.35 S/m, just above that 
of samples containing 10 spray-coats of rGO. It is assumed that using a low concentration of 
palladium nanoparticles during spray-coating likely resulted in decreased conductivity. Because 
the palladium concentration was so low (1.5mg/ml), the majority of solution deposited onto rGO 
was water. It is possible that these water droplets led to cracks forming throughout the rGO film. 
Fig. 11 shows a comparison between samples before and after palladium spray-coating with small 
cracks forming in Fig. 11b and Fig. 11d. SEM images as seen in Fig. 12a indicate that palladium 
nanoparticles were scarcely dispersed on top of the rGO film. It is hypothesized that the wetting 
properties of rGO resulted in the formation of large water droplets containing palladium. As these 
droplets evaporated, palladium was left behind, dispersed in circular patterns on top of rGO as 
seen in Fig 12b.    
 
 
  
 
4. Conclusions 
The topographic and electrical properties of spray-coated rGO on glass was characterized 
using linear sweep voltammetry and Keyence 3D laser scanning microscopy. The conductivity and 
surface roughness was studied by varying the about of rGO deposited onto glass substrates. 
Substrates demonstrated superior conductivity when subject to graphene oxide deposition and later 
thermally reduced. Larger amounts of rGO spray-coated onto glass revealed greater surface area 
coverage and higher conductivity. When palladium nanoparticles were deposited onto rGO, 
samples demonstrated significant conductivity loss due to deformation of the rGO film and low 
conductivity of palladium. An analysis of the topography of spray-coated rGO films reveal a rough 
and uneven surface texture resulting in hydrophobic wetting properties of rGO. This study presents 
a method of depositing thin rGO films for hydrogen sensor fabrication and establishes that 
conductivity is dependent upon both the thickness and surface area coverage of deposited rGO.  
 
5. Future Work 
In this report, experiments conducted to investigate the electrical properties of rGO 
revealed low conductivity for all samples. In order to one day be implemented in industry, the 
conductivity of rGO must be greatly improved. To achieve increased rGO conductively, additional 
reduction methods must be explored. In this study, glass slides were used as the substrate material 
for graphene oxide deposition. This can be problematic when considering that the oven 
temperature used for thermal reduction must be below the transition temperature of glass. Previous 
studies as reported by Becerril et al. have proven that highly conductive films of rGO can be 
synthesized by heating GO under nitrogen flow, argon flow, or vacuum, at temperatures ranging 
  
from 400 to 1100 C [12]. For this method to be tested, it is recommended that silicon be used as 
the substrate material in order to withstand such high temperatures.  
 
Additionally, all experiments described in this report took place in an open lab 
environment. It is recommended that future experiments take place in a clean room in order to 
reduce any unwanted particles or defects which may negatively affect results. To further 
investigate the effects of rGO layer thickness, an automated spray-coat method may be used. This 
method would ensure consistent depositions between samples and allow for repeatable results to 
be achieved.  
 
In order to properly deposit palladium onto rGO, further studies must be performed to study 
the wetting properties of rGO. Multiple deposition methods can be tested such as spin-coating to 
compare differences in surface topography relating to the deposition process used. Making the 
surface of rGO hydrophilic will allow for more complete dispersion of palladium nanoparticles 
and better overall surface coverage on rGO.  
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Figure 2: (a) Linear Sweep Voltammetry results for chemically reduced rGO on glass and (b) 
optical microscope image at 20x magnification of rGO surface coverage on glass 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 3: (a) Linear Sweep Voltammetry (LSV) comparison between glass substrates coated 
with 5, 10, and 20 spray-coats of reduced graphene oxide (rGO) and (b) LSV results for 
additional samples 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 4: Optical microscope images of glass slides containing (a) 5 spray-coats, (b) 10 spray-
coats, (c) 20 spray-coats of rGO 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5: (a) SEM image of 5 spray-coats rGO on glass and (b) cracks on surface of rGO film 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: (a) SEM image of 20 spray-coats rGO on glass and (b) ridges forming on rGO surface 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 7: (a) Surface topography of sample coated with 10 spray-coats rGO at 600x height 
increase and (b) sample with rGO scratched off to reveal glass substrate 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 8: (a) Profile measurements taken from glass substrate to top of rGO film and (b) average 
height measurements taken for each sample 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 9: Linear Sweep Voltammetry results for palladium deposited on glass substrate 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 10: Linear Sweep Voltammetry results before and after palladium deposition on rGO 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 11:  Optical microscope image at 20x magnification of 5 spray-coats rGO on glass (a) 
before palladium deposition, (b) after 5 spray-coats of palladium and (c) 20 spray-coats rGO on 
glass before palladium deposition and (d) after 5 spray-coats of palladium 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 12: (a) SEM image of palladium deposited on rGO surface and (b) aggregation of 
palladium nanoparticles 
 
